Introduction {#s1}
============

Context influences memory encoding and retrieval, including fear conditioning responses in rodents ([@bib32]) and declarative memory in humans ([@bib17]). Although previous studies have examined whether context-dependency also exists in *motor* memory, context-dependent motor learning based on contextual cues has proven quite difficult. For example, participants have difficulty adapting identical reaching movements to conflicting dynamical environments (e.g., velocity-dependent rightward and leftward force fields) according to a contextual cue (e.g., room color, target color, etc \[[@bib14]; [@bib45]; [@bib39]; [@bib19]; [@bib27]\]).

It is only recently that a wide variety of contexts helpful to create distinct motor memories has been discovered ([@bib45]; [@bib39]; [@bib19]; [@bib27]; [@bib5]; [@bib24]; [@bib22]; [@bib56]; [@bib20], [@bib21]; [@bib49]; [@bib57]; [@bib23]; [@bib50]). However, the underlying mechanisms regarding context-dependent motor learning and memory are largely unknown. Notably, contexts that are shown to be useful are often associated with different neural activity patterns of the sensorimotor cortex including the primary motor cortex (M1) and the premotor cortex (PM). For example, distinct motor memories for identical reaching movements can be created depending on whether the opposite arm is stationary or moving ([@bib39]; [@bib27]; [@bib40]). Consistent with this finding, it has been reported that opposite arm movements alter M1 and PM activity during reaching movements ([@bib10], [@bib11]; [@bib4]; [@bib15]; [@bib47]). In agreement with the significant role of these brain areas in motor learning ([@bib27]; [@bib13]; [@bib29]; [@bib33]; [@bib1]; [@bib43]; [@bib42]; [@bib41]), we hypothesized that, when a motor memory is formed under different activity patterns in the sensorimotor cortex associated with different contexts, a motor memory specific to this particular activity pattern is created. As a result, later reinstating this activity pattern in these areas should lead to automatic retrieval of the corresponding memory.

Here, we tested this hypothesis directly using transcranial direct current stimulation (tDCS) ([@bib34]; [@bib44]; [@bib9]). tDCS to the sensorimotor cortex modulates spontaneous M1 activity and excitability according to its polarity. As a result, the size of the motor evoked potential induced by transcranial magnetic stimulation is increased or decreased by, respectively, anodal or cathodal tDCS during ([@bib38]; [@bib35]) and even after the application of stimulation ([@bib36]; [@bib37]; [@bib54]). This suggests that different brain activity patterns (i.e. specific to the polarity of the stimulation) could be artificially created by tDCS. We predicted that motor learning performed under different background activity patterns of the sensorimotor cortex created by tDCS would yield to the formation of separate motor memories. Participants were trained to perform reaching movements in the presence of two conflicting force fields while receiving tDCS on the sensorimotor cortex. Critically, training for each force field was always associated with a distinct tDCS polarity. We then examined if, after training, applying a particular tDCS polarity reactivated the motor memory associated with this polarity, despite no explicit contextual change.

Results {#s2}
=======

Participants performed reaching movements with their right arm in the presence of two conflicting force fields while receiving anodal or cathodal tDCS to the left M1 associated with each force field (training period: 12 blocks of 22 trials). We stimulated M1 because it is known to play a significant role in motor learning ([@bib27]; [@bib13]; [@bib29]; [@bib33]; [@bib1]; [@bib43], [@bib42], [@bib41]). One training block consisted of 18 reaching movements toward a target (movement distance was 10 cm), in either a rightward or leftward velocity-dependent force field ([@bib53]), and four error-clamp trials (first and last two trials of the block, [Figure 1a,c](#fig1){ref-type="fig"}) to avoid unnecessary learning that could occur during the switch of tDCS polarity. Critically, this polarity (2 mA, bi-hemispheric montage with electrodes on the left and right M1) changed in congruence with the direction of the force field ([Figure 1a,c](#fig1){ref-type="fig"}) in order to tag motor memories with stimulation polarity. In other words, in this first experiment, anodal and cathodal stimulation of the left M1 were always associated with rightward and leftward force field perturbations, respectively.10.7554/eLife.15378.003Figure 1.Experimental procedure.(**a**) Participants performed a reaching movement toward a target located 10 cm ahead of the starting position. Participants were trained with a rightward or leftward velocity-dependent force field while receiving anodal or cathodal tDCS to the left M1, respectively. (**b**) During the test period, the error-clamp trials were used to evaluate how tDCS polarity affected the force output exerted against the force channel. (**c**) During the training period, anodal (2 mA) or cathodal tDCS (−2 mA) was applied for 2 min, and the transition time between the two was 12 s. When receiving anodal or cathodal tDCS, participants performed 20 reaching movements, and the first and last trials were error-clamp trials. The remaining 18 trials were force field (i.e., training) trials. During the tDCS transition time, 2 error-clamp trials were used to avoid unnecessary motor learning. (**d**) During the test period, the tDCS pattern was the same as patterns during the training period. However, error-clamp trials were used throughout the entire period. (**e**,**f**) In the control groups, sham tDCS was applied during training (**e**) and the test period (**f**). In the sham tDCS condition, only the beginning tDCS portion was present. (**g**) Experimental protocol. After 20 baseline trials, training blocks shown in (**c**) were repeated 6 times (i.e., total of 12 blocks), and the test blocks shown in (**d**) were repeated twice (i.e., total of 4 blocks). There was a 3-minute rest period after 8 training blocks were completed. During the test period, the T-T~CACA~ group experienced cathodal tDCS first. (**h**,**i**) In the S-T and T-S groups, the training blocks shown in (**e**), and the test blocks shown in (**f**) were used, respectively.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.003](10.7554/eLife.15378.003)

During a subsequent test period, we investigated whether modulating activity patterns in the sensorimotor cortex by anodal or cathodal tDCS could induce artificial recollection of the corresponding motor memory. During that period, tDCS polarity alternated between anodal and cathodal, as it did during the training period, but there was no force field perturbation (4 blocks; [Figure 1b,d](#fig1){ref-type="fig"}). Instead, a series of error-clamp trials was used to evaluate motor memory content throughout the test period ([Figure 1b,d](#fig1){ref-type="fig"}). If, during training, motor memories were tagged according to tDCS polarity, we should observe leftward force output (this direction was defined as negative) to compensate for the rightward force field during anodal tDCS. On the other hand, application of cathodal tDCS was expected to induce force output in a positive (i.e., rightward) direction. It should be noted that no cognitive and/or contextual cues were provided throughout the experiments.

tDCS induces motor memory retrieval during the test period {#s2-1}
----------------------------------------------------------

During the test period, the first eight participants received anodal and cathodal tDCS in alternation, starting with anodal stimulation ([Figure 1g](#fig1){ref-type="fig"}, T-T~ACAC~). In this group, evolution of the force output during the test period ([Figure 2a](#fig2){ref-type="fig"}, dashed line and open circles) indicates the presence of a tDCS effect. As predicted, the force output exhibited a clear polarity-dependent change, and the forces during cathodal stimulation (blue open circles in [Figure 2a](#fig2){ref-type="fig"}) were larger than the forces during anodal stimulation (red open circles in [Figure 2a](#fig2){ref-type="fig"}). Another group of participants (N = 8, T-T~CACA~, [Figure 1g](#fig1){ref-type="fig"}) were trained with an identical protocol but first received cathodal stimulation during the test period. This subgroup also exhibited clear polarity-dependent effects on force output during the test period ([Figure 2a](#fig2){ref-type="fig"}, solid line and filled circles), which was consistent with our predictions. In addition, these changes were in anti-phase for the two groups.10.7554/eLife.15378.004Figure 2.Experimental results during the test period.(**a**) Motor memory evaluated as the force output using the error-clamp trials for the T-T~ACAC~ (open circle) and T-T~CACA~ subgroups (filled circle) during the test period. The positive force indicates rightward force output. Circle color represents tDCS polarity (red and blue for anodal and cathodal tDCS, respectively). The solid and dashed lines are the moving average (5 data points), and the shaded areas indicate standard errors. Gray vertical bars indicate the period during which tDCS polarity changed. Note that the T-T~ACAC~ and T-T~CACA~ subgroups received anodal and cathodal tDCS, respectively, in the first block. (**b**) ΔForce was calculated as the difference between the T-T~ACAC~ and T-T~CACA~ subgroups in order to reduce the effect of exponential motor memory decay. The bold, solid line and shaded grey area indicates the mean and standard deviation of the bootstrapped samples, respectively (moving average calculated over 5 data points). (**c**) ΔForce averaged over each block. The mean and standard deviation were obtained from bootstrapped samples. A permutation test was used to test the effect of block order (\*\*\*p\<0.0001 as indicated at the right side). A permutation test was also used to compare the values between the first and second, second and third, and the third and fourth blocks. \#p\<0.07; \*\*p\<0.01; \*\*\*p\<0.005. (**d--i**) Results for the S-T group (**d--f**) and T-S group (**g--i**).**DOI:** [http://dx.doi.org/10.7554/eLife.15378.004](10.7554/eLife.15378.004)10.7554/eLife.15378.005Figure 2---figure supplement 1.Definition of factors \'period\' and \'block order\'.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.005](10.7554/eLife.15378.005)10.7554/eLife.15378.006Figure 2---figure supplement 2.Trial-dependent changes in the handle's peak velocity for the T-T~ACAC~ (open circle) and T-T~CACA~ subgroups (filled circle) during the testing period.The format is identical to [Figure 2](#fig2){ref-type="fig"} (**a**), (**d**), and (**g**).**DOI:** [http://dx.doi.org/10.7554/eLife.15378.006](10.7554/eLife.15378.006)

Natural exponential decay in force output observed at the beginning of the test period co-occurs with the polarity-dependent effect of tDCS. We took it into account with two different methods. In the first model-free approach, we tried to eliminate this decay effect by contrasting the force output of the two subgroups ([Figure 2](#fig2){ref-type="fig"} ΔForce obtained by subtracting the data of the ACAC subgroup from the data of the CACA subgroup). This method relies on the assumption that exponential decay was similar in both subgroups. In the second model-based approach, a summation of two exponential curves was fitted to the force output data of each participant during the test period and we analyzed the residuals around the curve in function of tDCS polarity ([Figure 3](#fig3){ref-type="fig"}). This method bears the advantage of being applied on each subgroup separately.10.7554/eLife.15378.007Figure 3.Modulation of the residuals, with block, during the test period.(**a**) The force output residuals from the exponential fitting of 4 blocks for the T-T~ACAC~ (dashed line and open circle) and T-T~CACA~ (solid line and filled circle) groups. The error bars indicate standard errors. Circle color represents tDCS polarity. A 3-way ANOVA indicates a significant interaction between subgroup and block order. \*\*\*p\<0.005. (**b**) Results for the S-T group receiving sham tDCS during the training period. (**c**) Data for the T-S group receiving sham tDCS during the test period. Circle color was set to black for data obtained when sham tDCS was used.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.007](10.7554/eLife.15378.007)10.7554/eLife.15378.008Figure 3---figure supplement 1.Calculations for residuals.Force data were fitted using a sum of two exponential curves, and fitted curves were subtracted from the data to obtain the residuals. If there were no block-dependent modulation, the residuals should be evenly distributed around the curve (**a**). In contrast, if there were modulation, the residuals should change, along with the blocks, around the curve (**b**).**DOI:** [http://dx.doi.org/10.7554/eLife.15378.008](10.7554/eLife.15378.008)10.7554/eLife.15378.009Figure 3---figure supplement 2.Polarity-dependent changes in the aftereffect for the T^ffrev^-T groups.The format is identical to [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}. \*p\<0.05.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.009](10.7554/eLife.15378.009)10.7554/eLife.15378.010Figure 3---figure supplement 3.The residuals obtained using a single exponential curve instead of two exponential curves.The format is identical to [Figure 3](#fig3){ref-type="fig"}. The results were not substantially different from those obtained using two exponential curves. As for the T-T group results (**a**), there was a significant interaction between subgroup and block order \[repeated measures 3-way ANOVA: F(1,14) = 43.82, p = 1.15 × 10^--5^, $\eta_{p}^{2}$ = 0.76\]. For both groups, there was a simple main effect of block order on the residuals \[T-T~ACAC~: F(1,14) = 28.45, p = 1.05 × 10^--4^, $\eta_{p}^{2}$ = 0.67; T-T~CACA~: F(1,14) = 16.22, p = 0.0012, $\eta_{p}^{2}$ = 0.54\]. As for the S-T group (**b**), there was no significant interaction between subgroup and block order \[repeated measures 3-way ANOVA: F(1,14) = 0.040, p = 0.844,$\eta_{p}^{2}$ = 0.0028; simple main effect of block order: F(1,14) = 1.759, p = 0.206, $\eta_{p}^{2}$ = 0.11\]. Furthermore, the modulation of the residuals by stimulation polarity was larger for the T-T group than it was for the S-T group \[repeated measures 4-way ANOVA, interaction between group, subgroup, and block order: F(1,28) = 17.94, p = 2.22 × 10^--4^, $\eta_{p}^{2}$ = 0.39\]. As for the T-S group (**c**), there was a significant interaction between subgroup and block order \[repeated measures 3-way ANOVA: F(1,14) = 7.641, p = 0.015,$\eta_{p}^{2}$ = 0.35\], and there was a simple main effect of block order only for the T-S~CACA~ group \[F(1,14) = 16.07, p = 0.001,$\eta_{p}^{2}$ = 0.53\], but the modulation due to polarity was opposite to the predicted pattern. Furthermore, the modulation of force output by stimulation polarity was larger for the T-T group than it was for the T-S group \[repeated measures 4-way ANOVA, interaction between group, subgroup, and block order: F(1,28) = 43.16, p = 4.00 × 10^−7^, $\eta_{p}^{2}$ = 0.61\]. Regarding the T^ffrev^-T group (**d**), there was a significant interaction between subgroup and polarity \[repeated measures 3-way ANOVA: F(1,14) = 9.202, p = 0.008,$\eta_{p}^{2}$ = 0.37\]. While in one group (T^ffrev^-T~ACAC~) there was no clear effect of stimulation polarity during the test period \[simple main effect of polarity on the residuals: F(1,16) = 2.04, p = 0.173,$\eta_{p}^{2}$ = 0.11\], the other group showed a clear effect of stimulation. In this group (T^ffrev^-T~CACA~), there was a simple main effect of polarity on the residuals \[F(1,16) = 8.20, p = 0.011,$\eta_{p}^{2}$ = 0.34\]. This modulation was consistent with what was predicted by the association between polarity and force-field during the training period. As for the PPC group (**e**), there was no significant interaction between subgroup and block order \[repeated measures 3-way ANOVA: F(1,16) = 0.996, p = 0.333,$\eta_{p}^{2}$ = 0.058\], and modulation was significantly greater for the T-T group than for the PPC group \[interaction between group, subgroup, and block order by repeated measures 4-way ANOVA: F(1,30) = 4.903, p = 0.035,$\eta_{p}^{2}$ = 0.46\].**DOI:** [http://dx.doi.org/10.7554/eLife.15378.010](10.7554/eLife.15378.010)

[Figure 2b](#fig2){ref-type="fig"} represents the trial-dependent change in the ΔForce calculated using a bootstrap method. If the stimulation had no effect on motor memories, the evolution of ΔForce over the test period should be flat. However, we observed a clear modulation pattern ([Figure 2b,c](#fig2){ref-type="fig"}): the ΔForce was smaller for the first and third block compared to the second and fourth block. This effect of block order ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) on the ΔForce was statistically significant ([Figure 2c](#fig2){ref-type="fig"}; permutation test: p = 0.0009). In addition, this effect appeared stable from the first to the second half of the test period (permutation test: interaction between period and block order: p = 0.313).

Importantly, these changes were consistent with the pattern predicted by the training. For example, in the first block, the force output of T-T~ACAC~ group should be more leftward than that of T-T~CACA~ group and thus the ΔForce was more negative. The degree of ΔForce modulation from the first to second block, from the second to third block and from third to fourth block (the value was defined positive if the change was congruent with the predicted change) was 0.57 ± 0.32 (permutation test: p = 0.0632), 0.73 ± 0.21 (p = 0.0044), and 0.78 ± 0.13 N (p = 0.0001), respectively (mean ± standard deviation of the bootstrapped samples). In our experimental setting, the force output of full adaptation varied from -4 N to 4 N (viscosity was 10 N/(m/s) and the peak velocity of the handle was 0.4 m/s). Thus, approximately 7--10% force modulation was induced via tDCS for the T-T group.

Given the effect of tDCS for muscular force output ([@bib48]; [@bib55]), one might expect that the movement kinematics were also modulated by the polarity of the stimulation. Such modulation might confound the actual effect of tDCS on force output because the perturbation was a velocity-dependent force-field. However, we did not observe any polarity-dependent changes in movement peak velocity \[[Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}; interaction between group and block order by repeated measures 3-way ANOVA: F(1,14) = 0.374, p = 0.551, $\eta_{p}^{2}$ = 0.024; main effect of block order: F(1,14) = 3.076, p = 0.101, $\eta_{p}^{2}$ = 0.18\]. This demonstrates that polarity-dependent changes in force output were not caused by hand kinematic modulation due to tDCS.

We also characterized the effect of tDCS by examining variation in force output around the natural exponential decay of motor memories during the test period (model-based approach). If the stimulation had no effect on motor memories, the decay of the force output should simply follow this exponential function and the residuals should be evenly distributed around the exponential curve in all blocks ([Figure 3---figure supplement 1a](#fig3s1){ref-type="fig"}). In contrast, if the stimulation polarity influences the force output during the test period, the residuals should be more positive (above the exponential curve) during cathodal stimulation and more negative (below the exponential curve) during anodal stimulation ([Figure 3---figure supplement 1b](#fig3s1){ref-type="fig"}). Given that the two subgroups received different polarity during each of the blocks, the polarity-dependent change in residuals was opposite between the two groups ([Figure 3a](#fig3){ref-type="fig"}). That is, the residuals were always more positive for the group receiving cathodal stimulation during one of the blocks and more negative for the group receiving anodal stimulation during the same block ([Figure 3a](#fig3){ref-type="fig"}). The modulation of the force output by tDCS was analyzed with a 3-way ANOVA with subgroup as a between-subject factor and period (first or second half of the test period, 2 blocks each) and block-order (first and second block of each half of the test period) as a within-subject factors (See [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} for the definitions of period and block order). Given that the polarity was opposite across groups in function of the block order factor (anodal in the first and third block for T-T~ACAC~ but in the second and fourth block for T-T~CACA~), the modulation of force output by tDCS resulted in a significant interaction between subgroup and block order \[repeated measures 3-way ANOVA: F(1,14) = 39.24, p = 2.08 × 10^--5^, $\eta_{p}^{2}$ = 0.74\]. For each subgroup separately, there was a polarity-dependent change in the residuals as indicated by the main effect of block order on the residuals \[T-T~ACAC~: F(1,14) = 12.70, p = 3.10 × 10^--3^, $\eta_{p}^{2}$ = 0.47; T-T~CACA~: F(1,14) = 28.04, p = 1.13 × 10^--4^, $\eta_{p}^{2}$ = 0.67\]. This effect indicates that, for each subgroup, the force output varied with the polarity of the stimulation.

The modulation of force output with tDCS polarity was also examined when the association between tDCS polarity and force direction was reversed (T^ffrev^-T group), i.e., when anodal and cathodal stimulations were associated with leftward and rightward force fields, respectively ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). While the effect appeared clear in one of the subgroups (T^ffrev^-T~CACA~), it was absent in the other one (T^ffrev^-T~ACAC~). This mixed effect yielded a non-significant effect of block order on the ΔForce because the permutation test was based on the two groups, but there was still a significant change in ΔForce from the second to third block ([Figure 3---figure supplement 2b,c](#fig3s2){ref-type="fig"}; permutation test: p = 0.0127).

The polarity dependent modulation was more apparent in the model-based approach because it allowed us to study each group separately. In this case, we found a significant interaction between subgroup and block-order \[repeated measures 3-way ANOVA: F(1,16) = 5.844, p = 0.028, $\eta_{p}^{2}$ = 0.27\]. This interaction stems from the polarity-dependent changes in force output observed in the T^ffrev^-T~CACA~ subgroup \[main effect of block order on the residuals: F(1,16) = 7.58, p = 0.014, $\eta_{p}^{2}$ = 0.32\]. This effect was identical to the one observed for the two T-T subgroups ([Figure 3a](#fig3){ref-type="fig"}). In contrast, for the other subgroup (T^ffrev^-T~ACAC~), there was no clear effect of stimulation polarity during the test period \[simple main effect of block-order on the residuals: F(1,16) = 0.44, p = 0.515, $\eta_{p}^{2}$ = 0.027\].

Overall, we recorded data from four groups in the active tDCS conditions (i.e., T-T and T^ffrev^-T groups) and our ANOVA results revealed a significant effect in three out of the four groups. Given our statistical power and effect size, this is exactly what would be expected. We compute the probability that there was an effect of stimulation polarity on force during the test period when the effect is observed in 3 out of the 4 groups. To compute this, we used a rationale provided by [@bib25] but adapted this justification to our positive results, as was done by [@bib28]. Given a power of 0.8, the probability of observing three significant and one non-significant finding if there is a true effect is as follows (Type 2 error): 0.8 × 0.8 × 0.8 × 0.2 = 0.1024. Any of the four groups could yield a non-significant finding, so the a-priori likelihood of finding three out of four significant effects is 0.4096. We also needed to find the probability of observing these results if there was no effect (null hypothesis is true). Given a Type 1 error of 0.05 (significance threshold), this probability is as follows: p = 0.05 × 0.05 × 0.05 × 0.95 = 0.00011875. Again, because any group could be non-significant, the probability of finding these results if there is no effect is p = 0.000475. With these data, we can compute the positive predictive value (PPV) ([@bib25]). This number represents the post-study probability that the effect is true: PPV = 0.4096/(0.4096 + 0.000475) = 0.998. That is, the likelihood that there is a true effect despite the fact that one of the four groups yielded a non-significant effect is 99.8%.

Active tDCS during the training and test periods is required for tagging and retrieval of motor memories {#s2-2}
--------------------------------------------------------------------------------------------------------

Polarity-dependent modulation in force output could reflect the effect of anodal and cathodal tDCS in facilitating or suppressing force output. However, this is unlikely, as subgroups in which sham tDCS (tDCS applied only at the beginning part of each block) was applied during the training period followed by active stimulation during the test period (S-T group: S-T~ACAC~ and S-T~CACA~ subgroups, N = 8 for each subgroup, [Figure 1e,h](#fig1){ref-type="fig"}) showed little influence of tDCS polarity on force output during the test period ([Figure 2d](#fig2){ref-type="fig"}). While we detected a main effect of block order on the ΔForce permutation test: p = 0.0263), this effect was reduced over time (permutation test: interaction between period and block order: p = 0.025) ([Figure 2e,f](#fig2){ref-type="fig"}). Indeed, ΔForce did not exhibit significant block-dependent modulation from the second to third block (permutation test: p = 0.905) and from the third to fourth block (p = 0.278), although this modulation was significant from the first to second block (p = 0.0132) ([Figure 2f](#fig2){ref-type="fig"}). We also compared the strength of modulation by subtracting the ΔForce of S-T group from ΔForce of T-T group ([Figure 4a](#fig4){ref-type="fig"}). Although we did not find the expected interaction between group and block order (p = 0.205), this appeared to change over time (permutation test: interaction between block order, period and group: p = 0.0595). Indeed, the modulation of ΔForce from the second to third block and from the third to fourth block was significantly larger in the T-T group than in the S-T group ([Figure 4b](#fig4){ref-type="fig"}; permutation test: p = 0.0012 and p = 0.0146, respectively). Together, this data revealed that the modulation of the force output of tDCS was larger in the T-T group than in the S-T group from the second block onwards.10.7554/eLife.15378.011Figure 4.Difference in ΔForce between experimental groups.(**a**) ΔForce for the S-T group was subtracted from the T-T group. The solid line and shaded grey area indicates the mean and standard deviation of the bootstrapped samples (moving average calculated over 5 data points). (**b**) The difference in the bootstrap samples of ΔForce was averaged for each block. The error bars indicate the standard deviations of the bootstrapped samples. (**c**,**d**) Difference in ΔForce between T-T and T-S groups. A permutation test was used to test the effect of block order (\*\*\*p\<0.005 as indicated at the right side of panel (**d**). A permutation test was also used to compare the values between the first and second, second and third , and the third and fourth blocks. \#p\<0.06; \*p\<0.05; \*\*\*p\<0.005**DOI:** [http://dx.doi.org/10.7554/eLife.15378.011](10.7554/eLife.15378.011)

The significant change in ΔForce from the first to second block in the S-T group ([Figure 2e,f](#fig2){ref-type="fig"}) and the absence of the differences between T-T and S-T groups for these blocks ([Figure 4a,b](#fig4){ref-type="fig"}; permutation test: p = 0.36) indicate that the application of tDCS immediately after training can influence the exponential decay of motor memory in a manner opposite to the conventional effect of tDCS. Namely, cathodal stimulation makes motor memories last longer than anodal tDCS. Alternatively, the observed effect could reflect the possibility that the motor memory was tagged with the brain activity without tDCS and the application of different tDCS polarities during the test period might differently recruit the motor memories. Either way, these effects were not strong enough to induce block-dependent modulation in the later blocks ([Figure 2e,f](#fig2){ref-type="fig"}; [Figure 4a,b](#fig4){ref-type="fig"}).

These results were confirmed by the model-based approach. The residuals around the exponential curves in the S-T group did not exhibit any evidence of polarity-dependent modulation of force output \[repeated measures 3-way ANOVA: interaction between subgroup and block order: F(1,14) = 0.005, p = 0.945, $\eta_{p}^{2}$ = 0.063\] ([Figure 3b](#fig3){ref-type="fig"}). This discrepancy with the model-free approach is related to the ability of the exponential function to capture the early difference in decay rates. The modulation of the residuals via stimulation polarity was also larger for the T-T group than for the S-T group \[interaction between group, subgroup, and block order by repeated measures 4-way ANOVA: F(1,28) = 16.80, p = 2.42 × 10^--4^, $\eta_{p}^{2}$ = 0.37\]. These results confirm that the tDCS effect was restricted to the group where active stimulation was received during the training and test periods.

In another control experiment, active stimulation was applied during the training period while sham tDCS was applied during the test period (T-S group) ([Figure 1f,i](#fig1){ref-type="fig"}). In this group, we did not observe any polarity-dependent modulation of force output with tDCS polarity ([Figure 2g](#fig2){ref-type="fig"}). Indeed, the model-free approach applied to ΔForce indicated that there was no significant block-dependent modulation ([Figure 2h,i](#fig2){ref-type="fig"}; permutation test: main effect of block order: p = 0.163). The modulation of ΔForce was significantly larger in the T-T group than in the T-S group ([Figure 4c,d](#fig4){ref-type="fig"}; permutation test, interaction between group and block order: p = 0.0018). In addition, the modulation of ΔForce was significant from the first to second block, from the second to third block, and from the third to fourth block in the T-T group than in the S-T group ([Figure 4d](#fig4){ref-type="fig"}; permutation test: p = 0.0573, 0.0213, and 0.0014, respectively).

These results were confirmed by the model-based approach. For the T-S group, the residuals around the exponential curve were not modulated by tDCS polarity \[[Figure 3c](#fig3){ref-type="fig"}, repeated measures 3-way ANOVA, interaction between subgroup and block order: F(1,14) = 2.33, p = 0.149, $\eta_{p}^{2}$ = 0.14). In addition, the polarity-dependent modulation of force stimulation observed in the T-T group was significantly larger than the modulation observed in the T-S group \[interaction between group, subgroup, and block order by repeated measures 4-way ANOVA: F(1,28) = 29.79, p = 7.93 × 10^--6^, $\eta_{p}^{2}$ = 0.52\]. Together, these results indicate that activity patterns in the sensorimotor cortex during motor learning needs to be reinstated in order to retrieve those memories.

PPC tDCS is not effective to tag and retrieve motor memories {#s2-3}
------------------------------------------------------------

Finally, to assess the influence of the electrode position on the polarity-dependent modulation of force output, we performed an additional control experiment in which tDCS was applied to the posterior parietal cortex (PPC: PPC group) ([Figure 5a](#fig5){ref-type="fig"}). Stimulation of the PPC was unable to yield block-dependent modulation of ΔForce as revealed by the model-free approach ([Figure 5b,c](#fig5){ref-type="fig"}; permutation test: p = 0.369). In addition, block-dependent changes of ΔForce were significantly smaller in the PPC group than in the T-T group ([Figure 5e,f](#fig5){ref-type="fig"}; permutation test, interaction between group and block order: p = 0.0082), although the changes of force output from the first to second (permutation test: p = 0.0538) from the second to third (p = 0.113) and from the third to fourth block (p = 0.153) did not reach the significant level. Similarly, the model-based approach confirmed the absence of effect of tDCS when applied on PPC \[[Figure 5d](#fig5){ref-type="fig"}, repeated measures 3-way ANOVA on the residuals, interaction between subgroup and block order: F(1,16) = 1.98, p = 0.179, $\eta_{p}^{2}$ = 0.11\]. In addition, repeated measure 4-way ANOVA indicated that polarity-dependent modulation of force output was significantly greater for the T-T group than for the PPC group \[interaction between group, subgroup, and block order: F(1,30) = 5.10, p = 0.031, $\eta_{p}^{2}$ = 0.15\], indicating that M1 stimulation was more effective than PPC stimulation in creating and retrieving polarity-dependent motor memories.10.7554/eLife.15378.012Figure 5.Results during the test period for the PPC group.(**a**) Force output during the test period. (**b**) Trial dependent change in ΔForce obtained with a bootstrap method. The solid line and grey area indicates mean and standard deviation of the bootstrapped samples (moving average calculated over 5 data points). (**c**) ΔForce averaged for each block. The error bars indicate standard deviations of the bootstrapped samples. (**d**) Residuals obtained by subtracting the exponential curves from the original force output. (**e**, **f**) Trial-dependent (**e**) and block-dependent (**f**) difference in ΔForce between T-T and PPC groups. A permutation test was used to test the effect of block order (\*\*p\<0.01 as indicated by the right side of panel (**f**). A permutation test was also used to compare the values between the first and second, second and third, and the third and fourth blocks. \#p\<0.06.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.012](10.7554/eLife.15378.012)

tDCS effects during the training period {#s2-4}
---------------------------------------

We also examined the potential effect of tDCS polarity alternations on the interference between opposing perturbations during the training period ([Figure 6](#fig6){ref-type="fig"}). To investigate the amount of interference between the two perturbations, we measured the lateral deviations of the first trial during rightward and leftward force-field training. With this measure, higher interference is associated with higher lateral deviation on the first trial. When comparing this measure between the T-T, S-T, and T-S groups, we did not detect any significant differences in lateral deviation during the first trial \[repeated measures 3-way ANOVA: F(2,45) = 2.369, p = 0.105, $\eta_{p}^{2}$ = 0.088\] ([Figure 6b](#fig6){ref-type="fig"}). However, when the data from the T-T and T-S groups were grouped together (they received the same training and stimulation during the training period), lateral deviations during the first trial were significantly smaller (i.e., less interference) for groups who received active tDCS whilst training (T-T and T-S groups) than for the sham group (S-T group) \[main effect of group: F(1,46) = 4.435 p = 0.041, $\eta_{p}^{2}$ = 0.10; interaction between group and force-field direction (or tDCS polarity): F(1,46) = 0.148, p = 0.708, $\eta_{p}^{2}$ = 0.003\]. This suggests that tagging motor memories with different tDCS might have an effect during the training period. However, this result needs to be confirmed in follow-up studies given the limited effect size and borderline significance here. In contrast, lateral deviation at the end of each block was not different between groups \[repeated measures 3-way ANOVA, main effect of group: F(1,46) = 0.574, p = 0.453, $\eta_{p}^{2}$ = 0.012; interaction between group and force-field direction: F(1,46) = 0.401, p = 0.53, $\eta_{p}^{2}$ = 0.009\] ([Figure 6c](#fig6){ref-type="fig"}).10.7554/eLife.15378.013Figure 6.Results during the training period.(**a**) Trial-by-trial changes in lateral deviation evaluated at the peak handle velocity. Only data averaged among participants are displayed; depicting standard errors makes it difficult to observe the data. Red and blue backgrounds indicate the period in which anodal and cathodal stimulation were applied. (**b**, **c**) Lateral deviation for the first trial (**b**) and last trial (**c**) for each block averaged over participants. The error bar indicates standard error.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.013](10.7554/eLife.15378.013)

Discussion {#s3}
==========

Recent studies have demonstrated several striking examples of context-dependent motor learning ([@bib45]; [@bib39]; [@bib19]; [@bib27]; [@bib5]; [@bib24]; [@bib22]; [@bib56]; [@bib20]; [@bib57]; [@bib23]). Distinct motor memories for identical movements can be formed and retrieved according to whether the opposite arm is stationary (i.e., unimanual) or moving (i.e., bimanual) ([@bib39]; [@bib27]; [@bib40]). Motor memories can also be influenced by movement direction of the opposite arm ([@bib56]; [@bib21]; [@bib57]), whether the movement is discrete or rhythmic ([@bib24]; [@bib22]), or how follow-through movements are performed ([@bib23]). Although this type of learning enables us to perform flexible actions for adapting to a wide variety of dynamical environments ([@bib56]; [@bib57]), it remains unknown how different behaviors result in the formation of distinct motor memories.

Intriguingly, previous neurophysiological and/or brain imaging studies have shown that activity in motor-related neural areas also differs according to how an opposite arm is moving ([@bib10], [@bib11]; [@bib4]; [@bib15]), between discrete and rhythmic movement ([@bib51]), or the direction of the follow-through movement ([@bib2]). It should be noted that previous studies have also suggested that movement adaptation to a novel dynamical environment is accomplished through neural activity changes in these motor-related areas ([@bib27]; [@bib13]; [@bib29]; [@bib1]). Thus, it is natural to speculate that these neurons change their activation patterns during motor adaptation, depending on how they are originally recruited within the behavioral context. For example, distinct motor memories for unimanual and bimanual movements ([@bib39]) can be explained by considering that partially different populations of M1 and PM neurons are involved for motor adaptation ([@bib40]).

We hypothesized that motor learning performed during distinct background neural activity in the sensorimotor cortex leads to the development of a motor memory that is specifically associated with a particular behavior. We examined this hypothesis by artificially creating two different background activity patterns in the sensorimotor cortex, using anodal and cathodal tDCS, when participants learned to perform reaching movements within 2 conflicting forcefields. Most importantly, each tDCS polarity was always associated with one of two force-fields. Consistent with this hypothesis, our experiments demonstrated that, after training, force output during the test period was modulated by the corresponding polarity (T-T group; [Figure 2a--c](#fig2){ref-type="fig"}, [Figure 3a](#fig3){ref-type="fig"}). In contrast, force output modulation was not observed when tDCS was applied to the PPC (PPC group; [Figure 5](#fig5){ref-type="fig"}). Furthermore, the ability of tDCS to modulate force output, depending on polarity through mere changes in cortical excitability ([@bib48]; [@bib55]), was insufficient to explain our observed force output modulation (S-T group; [Figure 2d--f](#fig2){ref-type="fig"}, [Figure 4a,b](#fig4){ref-type="fig"}).

Participants were also unlikely to modulate the force output according to tDCS-induced skin sensation, as both the PPC and T-T groups experienced similar tDCS sensations throughout the experiments. Taken together, our experiments strongly indicate that differential background activity patterns in the sensorimotor cortex, artificially created when a motor learning task is performed, could lead to the formation of distinct motor memories. These memories could then be artificially retrieved by applying the same-polarity tDCS during a reaching movement.

It is important to emphasize that our experimental paradigm fully departs from conventional tDCS applications, which are traditionally restricted to increasing/decreasing motor output and accuracy, motor memory consolidation, rehabilitation outcomes, and memory functioning ([@bib34]; [@bib44]). Furthermore, if tDCS can artificially induce motor memory recollection, tDCS may also artificially maintain motor memories when tested in different contexts. Indeed, we have previously shown that reaching movement adaptation to a force-field, while receiving anodal or cathodal tDCS, is more strongly generalized to reaching movements toward another direction performed with different arm postures ([@bib43]). This improved generalization could be explained by the artificial maintenance of activity patterns in the sensorimotor cortex with tDCS when transitioning from the adaptation phase to the generalization phase.

We assumed that tDCS only influenced neural activity in the sensorimotor cortex, particularly in M1 and PM neurons. Recent studies using fMRI ([@bib30]) and electrical fields models ([@bib16]) have indicated that bihemispheric tDCS effects are more localized than when using a conventional stimulation montage (i.e., placing one electrode on the forehead), but we cannot reject the possibility that broader brain areas are also involved. Given our bilateral stimulation, it is also possible that stimulation to the ipsilateral right sensorimotor cortex (ipsilateral to the moving arm) caused the observed effects (rather than the contralateral left sensorimotor cortex). Further studies using a High-Defintion tDCS ([@bib8]) will be necessary to clarify these issues. Finally, however, given that tDCS had no effect on memory retrieval when applied on the PPC, the involvement of the underlying parietal areas, including sensory areas, is unlikely or relatively small.

We also assumed that we could create different background activity patterns via anodal and cathodal tDCS. Indeed, previous studies have demonstrated that M1 excitability ([@bib38]; [@bib35]) or neuronal firing rates ([@bib6]) could be modulated according to tDCS polarities. Although the present study only focused on the immediate modulating effect of tDCS on neural activity, tDCS also has long-lasting or plastic effects on the cortex ([@bib34]), raising questions as to whether activity patterns in the sensorimotor cortex were similar during the training and testing periods. For example, M1 excitability remains elevated, even after anodal tDCS termination, when stimulus duration is sufficiently long ([@bib35]; [@bib34]; [@bib36]; [@bib37]). However, we considered that any long-lasting effects did not play a dominant role in our results. First, as tDCS polarity switched every 2 min, durations were too short to induce long-lasting effects on cortical excitability. Second, as anodal and cathodal tDCS alternated, any long-lasting effects, including homeostatic plasticity ([@bib54]), were likely cancelled out.

Previous studies have suggested that reinstating the same activity pattern as was present during learning might contribute to one's ability to recall that memory ([@bib32]; [@bib12]). For example, invasive electrical stimulation to a particular region of the temporal cortex among patients with epilepsy can induce declarative memory recollection. This is perhaps due to reproducing an activity pattern similar to what was observed during voluntary recollection of that same memory ([@bib26]). Similarly, we used tDCS to reinstate an activity pattern in the sensorimotor cortex during learning in order to induce implicit retrieval of a particular motor memory. These effects are also similar to optogenetics' ability to manipulate a fear memory in mice by directly altering hippocampal neural activity ([@bib31]; [@bib46]).

In summary, our study demonstrates a causal link between background neural activity in the sensorimotor cortex during learning and context-dependent motor memories. Here, we provided initial evidence that human motor memories can be artificially tagged and later retrieved via noninvasive brain stimulation. This manipulation sheds light on the possibility that manipulating the formation and recollection of various memories, including declarative and other types of motor memories (e.g., visuomotor rotation task or sequence learning), can be achieved by artificially changing activity patterns of the corresponding brain region during the learning period. Thus, our novel tDCS application opens up new avenues for implementing tDCS in human memory research.

Materials and methods {#s4}
=====================

The experiments were conducted in accordance with the Declaration of Helsinki. The ethics committee from The University of Tokyo approved all experimental procedures.

Participants {#s4-1}
------------

We recruited 89 healthy participants (21--42 years old; 52 men and 37 women). Each participant was tested only once. The experiments were terminated for 5 participants (2 men and 3 women) due to impedance failures, strong pain, etc. There were 3 different groups in the main experiments (T-T, S-T, and T-S groups), and each consisted of 2 subgroups \[N = 8 (5 men and 3 women) for each subgroup\]. Additional control experiments were performed for the T^ffrev^-T and PPC groups. These groups also consisted of 2 subgroups \[N = 9 (5 men and 4 women) for each subgroup\]. Participants were not given any information regarding to which group they belonged. According to the Edinburg Handedness Inventory, all participants were right-handed (Laterality Quotient: 0.92 ± 0.16), except for 2 women (-1.0 and -0.78). There were no significant differences in the quotient between experimental groups. Prior to the experiments, participants provided informed consent and were paid for their participation.

Motor task {#s4-2}
----------

Participants, sitting on a chair, grasped a robotic manipulandum handle (KINARM End-Point Lab, Bkin Technologies, Canada) with their right hand and moved it horizontally from a starting position toward a target displayed on a mirror placed above the arm. Thus, participants could not directly see their own arm but could see the handle position thorough a white circle (diameter = 1.0 cm) displayed on the mirror. The upper body was fixed to the chair by straps, and a sling was used to hang the forearm horizontally. The start position was located about 20--30 cm from the middle of the chest, and the target was located 10 cm ahead of the start position. The start and target positions were displayed as a circle (diameter = 1.4 cm). After participants maintained their right hand at the starting position for 500--1,000 ms, a green target appeared. After an additional waiting time of approximately 800 ms, the color of the target changed to magenta, indicating that participants should reach towards the target. When the handle reached toward the target, the target turned green. Participants were instructed to make their movements with a peak velocity between 0.35 m/s and 0.45 m/s. The warning \'Slow\' or \'Fast\' was displayed on the screen if movement speed was outside that range. At the end of the movement, the robot retuned the handle to the starting position. Before the experimental trials, participants performed at least 40 reaching movements (without a force field or tDCS) for practice.

Force field {#s4-3}
-----------

Velocity-dependent force fields were imposed on the robotic manipulandum handle during the training period ([@bib53]). The force, $f = (f_{x},f_{y})$(N), imposed on the handle was always set to be perpendicular to the velocity of the handle, $v = (v_{x_{\prime}}v_{y})$(m/s), as $f = Bv^{\prime}$, where $B$ = (0 10; −10 0) and (0 −10; 10 0) \[N/(m/s)\] for the rightward and leftward force field, respectively (x and y directions indicate right-and-left and anteroposterior directions, respectively).

Error-clamp trials {#s4-4}
------------------

To evaluate adaptation to the force fields, error-clamp trials ([@bib52]) were used. During these trials, the handle trajectory was constrained by the robotic manipulandum to a straight line going from the starting position to the target (i.e., a force channel). A virtual spring \[15,000 N/m and damper of 100 N/(m/s)\] created the force channel. To evaluate motor memory output, the force exerted by participants against the channel was measured. Rightward forces were defined as positive in the present study.

Experimental procedure {#s4-5}
----------------------

In total, participants performed 373 reaching movements after performing 40 practice trials. Participants performed 20 reaching trials without tDCS or the force field (baseline trials). Twelve trials were error-clamp trials during which the force exerted against the force channel for a baseline was obtained. After the baseline trials, participants performed training trials (training period) followed by test trials (test period).

The training period consisted of 12 blocks of 22 reaching movement trials ([Figure 1](#fig1){ref-type="fig"}). In each block, the first and last 2 trials were error-clamp trials, and the remaining 18 trials were force field trials. Participants experienced a rightward force field (T-T, S-T, T-S and PPC groups) and a leftward force field (T^ffrev^-T group) in the first block. The rightward and leftward force fields alternated in every block. Anodal (2 mA) and cathodal (-2 mA) tDCS to the left M1 (T-T, S-T, T-S and T-T groups) and to the left PPC (PPC group) also alternated in every block. Thus, the rightward force field was learned while receiving anodal tDCS, and leftward force was learned while receiving cathodal tDCS during the training period (T-T, S-T, T-S, and PPC groups). The association between tDCS polarity to M1 and the force-field direction was reversed during an additional control experiment (T^ffrev^-T group). Participants were not given any explicit contextual cue for the direction of the force-field throughout the experiments.

In each block, the transition time from 0 mA to 2 mA (or −2mA), and 2 mA (−2 mA) to 0 mA, was 6 s. The reaching target of the first and last trial for each block (error-clamp trial) appeared when tDCS intensity reached 1 mA (or −1 mA). As the target appeared every 6 s (i.e., inter-trial interval was 6 s), tDCS reached 2 mA (or −2 mA) at the second and second-to-last trials for each block (these were also error-clamp trials).

The test period consisted of 4 blocks of 22 reaching movement trials ([Figure 1g--i](#fig1){ref-type="fig"}). Error-clamp trials were used for all 88 reaching movements. The anodal and cathodal tDCS (± 2 mA) were alternated every block as in the training period. In order to maintain participants' concentration, after 8 blocks of the training period were completed, participants rested for 3 min. After one error-clamp trial without tDCS, the training period was restarted.

The T-T group received active tDCS during both the training and test periods ([Figure 1g](#fig1){ref-type="fig"}). Training protocols were identical for both subgroups (T-T~ACAC~ and T-T~CACA~ groups). In the odd-numbered blocks (i.e., first, third, fifth, seventh, ninth, and eleventh) and even-numbered blocks (i.e., second, fourth, sixth, eighth, tenth, and twelfth), respectively, participants were trained with the rightward force-field while receiving anodal tDCS and with the leftward force-field while receiving cathodal tDCS ([Figure 1g](#fig1){ref-type="fig"}). However, during the test period, the block order during which participants received anodal and cathodal tDCS was reversed: T-T~ACAC~ and T-T~CACA~ subgroups received anodal and cathodal tDCS, respectively, in the first block of the test period ([Figure 1g](#fig1){ref-type="fig"}).

For the S-T~ACAC~ and S-T~CACA~ groups, sham tDCS was used during the training period, but active tDCS was used during the test period ([Figure 1e,h](#fig1){ref-type="fig"}). Sham tDCS was idential to active tDCS for the initial 9 s of each block(ramp-up for 6 s and constant for 3 s) but ramped down to 0 mA for 6 s (thus, 2 error-clamp trials were performed during these ramp-up and ramp-down phases) ([Figure 1e](#fig1){ref-type="fig"}). For the T-S~ACAC~ and T-S~CACA~ groups, sham tDCS was used instead of active tDCS during the test period ([Figure 1f,i](#fig1){ref-type="fig"}).

In the T^ffrev^-T group, the order of anodal and cathodal tDCS was identical to that of the T-T group, but the leftward force field was imposed on the first block of the training period. Thus, the leftward and rightward force fields, respectively, were always associated with anodal and cathodal tDCS, respectively. The T^ffrev^-T group also consisted of T^ffrev^-T~ACAC~ and T^ffrev^-T~CACA~ subgroups according to the tDCS polarity order received during the test period.

The experimental procedure for the PPC group was the same as for the T-T group, except the PPC was stimulated instead of M1. More specifically, anodal and cathodal tDCS to the left PPC was associated with the rightward and leftward force fields, respectively. The PPC group consisted of PPC~ACAC~ and PPC~CACA~ subgroups according to tDCS polarity order received during the test period.

tDCS application {#s4-6}
----------------

An electrical current stimulator applied tDCS (DPS-133A, Dia-Medical Co Ltd, Japan). Two rubber electrodes (5 cm × 7 cm) covered with a sponge soaked in normal saline solution were placed symmetrically at the left and right M1 regions (around C3 and C4; T-T, S-T, T-S, and T^ffrev^-T groups) or at the left and right PPC regions (around P3 and P4; PPC group). We adopted the bihemispheric montage because the stimulated area can be more localized in the sensorimotor cortex, including M1 ([@bib30]; [@bib16]). Before applying the electrical current, we carefully checked that resistance between the electrodes was below 5.0 kΩ, via an LCR meter (LCR821, GW Instek, Taiwan), in order to reduce pain or burn injury risk. The values before and after data collection were 3.86 ± 1.09 and 3.38 ± 2.07 kΩ, respectively. During the experiment, the electrical current was continuously monitored using an ammeter (Digital Multimeter CD772, Sanwa, Japan). Participants reported the degree of pain using a numerical rating scale (1**--**10, 10 indicates maximal pain) after a 3-min break (i.e., after 8 blocks of training were completed) and after the experiment. The reported value was 2.19 ± 1.06 and 2.25 ± 1.08 for the T-T group (mean ± SD for the first 8 blocks and second 8 blocks, respectively), 2.63 ± 1.38 and 3.23 ± 1.43 for the S-T group, and 2.53 ± 1.29 and 2.07 ± 0.81 for the T-S group. It should be noted that participants experienced 4 blocks of sham tDCS in the first 8 blocks for the S-T group and in the second 8 blocks for the T-S group. There was a significant interaction in terms of reported pain between groups and block (i.e., first and second block) \[F(2,44) = 6.876, p = 0.003\]. Thus, although the difference in scale values was less than 1, participants might feel stronger skin sensations for active tDCS than for sham tDCS.

Data analyses {#s4-7}
-------------

Handle position and exerted force data were sampled at 1000 Hz and then digitally lowpass filtered using a Butterworth filter (cutoff frequency 10 Hz). Handle velocity was obtained by numerical differentiation.

In order to quantify adaptation to the force field during the training period and motor output during the test period, the lateral force exerted by participants against the force channel was evaluated at the handle's peak velocity. Rightward force was defined as positive. We also quantified the handle's lateral deviation at the peak velocity to evaluate learning during the training period. Before analyzing the lateral force and lateral deviation data, baseline trial values were subtracted.

Statistics {#s4-8}
----------

The force output during the test period consisted of natural exponential decay ([@bib7]; [@bib3]) which might obscure the polarity-dependent modulation. We adopted two different approaches to eliminate the effect of the decay.

Model-free approach {#s4-9}
-------------------

In the first, model-free, approach, we calculated the difference in force between the two subgroups (ΔForce) obtained by subtracting ACAC subgroup data from CACA subgroup data for each group separately:$$\Delta Force\  = {\overset{¯}{F}}_{CACA}\  - {\overset{¯}{F}}_{ACAC},$$

where $\overset{¯}{F}$ represents the average force across the corresponding subgroup. This approach was based on the assumption that the decaying pattern was almost identical for both subgroups, because they experienced the same training protocol. To obtain the mean and standard deviation of ΔForce for each group and block separately, we carried out a bootstrap analysis ([@bib18]) by randomly sampling the data sets with replacement (N = 10,000) for both the ACAC and CACA subgroups and calculated ΔForce ([Figure 2b, c, e, f, h and i](#fig2){ref-type="fig"}; [Figure 4](#fig4){ref-type="fig"}; [Figure 5b, c, e, and f](#fig5){ref-type="fig"}).

To statistically test the effect of polarity on the ΔForce during the test period for each group separately, we used permutation test ([@bib18]) where the variable of interest was the change in ΔForce as a function of the block order where block order refers to the first or second block of each half of the test period (first and third vs. second and fourth) ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). We expected ΔForce to be more positive during the second and fourth blocks and more negative during the first and third blocks. The modulation of ΔForce as a function of block order was thus computed as follow:$$BO = mean(\Delta Force^{b2})\  + mean(\Delta Force^{b4})$$$$- (mean(\Delta Force^{b1})\  + mean(\Delta Force^{b3})),$$

where $\Delta Force^{bi}$ represents the $\Delta Force$ values of the i^th^ block.

The distribution of this variable of interest under the null hypothesis was obtained by computing all the possible values of the polarity contrast under resampling (N = 10,000) with random reassignment of the subjects in two subgroups (without replacement). The p-value was defined as the portion of the distribution that was more extreme than the observed polarity contrast ([@bib18].

The same technique was used to analyze other variables of interest. The influence of period (first or second half of the test period: [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) on the block order contrast was quantified by the difference in block order contrast across the two halves of the test period. This interaction was obtained as following:$$interaction\ between\ period\ and\ block\ order =$$$$\left( mean(\Delta Force^{b2}) - mean(\Delta Force^{b1}) \right)$$$$- \left( mean(\Delta Force^{b4}) - mean(\Delta Force^{b3}) \right),$$

where Δ$Force^{bi}$ represents the $\Delta Force$ values of the i^th^ block.

Block-dependent changes in ΔForce were analyzed similarly. In this case, the change in Δ between consecutive blocks was computed and submitted to the permutation test.$$\Delta Force^{i\longrightarrow i + 1} = mean(\Delta Force^{bi + 1}) - mean(\Delta Force^{bi}).$$

Statistical test for force between different groups (e.g., T-T vs. S-T groups) was also performed via a permutation test. The observed value corresponded to the difference between the variable of interest of the two groups. For instance, for the block order contrast, the observed value was BO^GR1^−BO^GR2^ where GR1 and GR2 are the two compared groups. In this case, random reassignment of subjects was performed across groups.

Model-based approach {#s4-10}
--------------------

In addition to the above-mentioned model-free approach, we used a model-based approach where we estimated the exponential decay for each participant individually and analyzed the residuals around the exponential curve. We reasoned that if stimulation polarity had no effect, the force measures should be evenly distributed around the exponential fit ([Figure 3---figure supplement 1a](#fig3s1){ref-type="fig"}). In contrast, if tDCS polarity influences the forces, these residuals should oscillate around that exponential curve across the blocks ([Figure 3---figure supplement 1b](#fig3s1){ref-type="fig"}). For each participant, we fitted 2 exponential functions to the force data,$$y = A_{1}{exp}(B_{1}n)\  + A_{2}{exp}(B_{2}n) + \ C,$$

where n represents trial number, and *A, B*, and *C* are free parameters. To this end, the 'nlinfit' function in MATLAB was used. We used the 2 exponential functions for data fitting, since a residual calculated using only 1 exponential function could potentially demonstrate artificial polarity-dependent modulation due to data drift. However, our results were not substantially influenced, even when 1 exponential function (i.e., $y = A{exp}(Bn)\  + C)$ was used ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}).

Residuals between the actual data and exponential functions were averaged for each block (the first to fourth blocks) of the test period and tested using ANOVA. The test period consisted of two repetitions of anodal-cathodal tDCS (ACAC subgroup) or cathodal-anodal tDCS (CACA subgroup). To test the effect of subgroup and stimulation polarity on the residuals of the force output during the test period, a repeated measures 3-way ANOVA was conducted with within-subject factors period (the first 2 blocks or last 2 blocks of the test period) and block order (the first or second block for each half of the test period, during which the same tDCS polarity was received in both halves of the test period) and between-subject factor subgroup (ACAC or CACA) ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). In this ANOVA, the factor block order can be assimilated with stimulation-induced polarity-dependent changes in force output. Indeed, tDCS polarity was identical between the first and third blocks of the test period (where the block order factor has the same value) and different during the second and fourth blocks of the test period (where the block order factor had another value). Given that the association between block and polarity was opposite between subgroups \[the first (or second) block for the ACAC subgroup corresponded to anodal (or cathodal) stimulation and vice versa for the CACA subgroup\], we expected, if tDCS influenced the force output, a significant interaction between subgroup and block order. In addition, if the force output varies with tDCS polarity in each subgroup, we expect a main effect of block order for each subgroup separately. The same analysis was used for hand velocity during the test period. We used a 4-way ANOVA where the between-subject factor group was added to contrast the effect of active and sham stimulation (T-T vs S-T or T-T vs T-S) and to contrast the effect of stimulation site (T-T vs PPC).

To test the effect of stimulation type on learning during the training period, the lateral deviation of the first training trial for each block, the averaged value of the last two field trials for each block, and the force exerted during the first error-clamp trial at the end of the block were subjected to an ANOVA with polarity (anodal and cathodal) and block (first to sixth) as within-subject factors and stimulation type (T-T and S-T vs. T-S) as a between-subjects factor.

The statistically significant threshold was set at p\<0.05 both for the ANOVA and permutation test. For the results of ANOVA, we reported effect sizes (partial eta squared: $\eta_{p}^{2}$) as well as F and p-values.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Tagging motor memories with transcranial direct current stimulation allows later artificially-controlled retrieval\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, including Michael Nitsche and Richard Ivry, who is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Timothy Behrens as the Senior Editor.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The reviewers found considerable merit in this paper. The role of context in sensorimotor learning has been the subject of considerable interest in the past few years. While early results emphasized how sensorimotor adaptation was relatively impervious to context (e.g., color cues), recent work has identified a number of conditions in which contextual cues can be quite powerful. The current study takes the question of context in an entirely new direction, at least within the world of human motor learning, asking if modulation of the (endogenous) neural state can serve as a sufficient contextual cue. To this end, the authors use tDCS to establish the context, associating a force field in one direction with anodal tDCS and a force field in the opposite direction with cathodal tDCS. Of special note here is that the participants are completely unaware of the \"cue\", something that is not (usually) possible in studies involving behavioral manipulations of context.

Essential revisions:

In general, the reviewers found the motivation of the study of the study to be sound, were intrigued by the results, and found the discussion to be appropriate. While our requests for revision are relatively modest, there is one major, indeed critical, issue that needs to be addressed. While the leftward and rightward force fields induce significant changes in performance, the context effect is relatively small (estimate of about 5% of the force difference). In itself, this is not a concern if the effect is robust-that the authors see any effect here is impressive. However, the key analysis seems overly complex with a lot of parameters. The authors fit a 5-parameter function to every noisy individual-subject test-period data set, the result of which is there are over 400 free parameters (5params/subject x \[48 subjects in the main experiments + 36 subjects in the controls\], or about 80 in each experiment) to \"model\" the decay curves in the data. The residuals of these models serve as the primary \"data\" for the main analysis. With this analysis, one would want to see some graphic depiction of the parameters of the individual double-exponential fit. But, as noted below, we believe there is a better solution.

While there is a general concern with the complexity of this analysis, there is an additional statistical issue here. Between subgroup differences in the fits may seem quite different for the anodal-cathodal switching pattern, but the patterns are not statistically independent. Fitting double exponentials may distort the estimate of the true anodal/cathodal switching effect. This is especially concerning if the switching effects are small compared to the size of the double exponential fits (as is the case here).

The reviewers believe that a much simpler analysis should be possible. The authors could simply analyze the differences in forces that are shown in the middle row, left panel of [Figure 2](#fig2){ref-type="fig"}. The middle panel (2e, difference for the sham condition) should probably be subtracted from the left panel (2b, the difference for the stimulation condition), and then the mean of each block can be statistically compared.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Tagging motor memories with transcranial direct current stimulation allows later artificially-controlled retrieval\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Timothy Behrens as the Senior Editor, a Reviewing Editor, Rich Ivry, and one reviewer.

We appreciate your response to the initial reviews. We continue to think that this paper can make a novel and intriguing contribution to the literature on context effects in sensorimotor learning. However, we believe another round of revision is required. I think we can all agree that the effects are small here - not surprisingly so given the subtlety of the manipulation. Given this, we think it important that the primary analysis entail the fewest possible assumptions, and that these assumptions be thoroughly vetted in the paper.

The challenge you face in the analysis here is that your context effects are intermingled with natural decay processes. The curve fitting is designed to factor out the decay, but to do so requires making various assumptions (single vs double exponential), as well as entails lots of parameters since this is done on an individual basis for multiple epochs.

Your new [Figure 3](#fig3){ref-type="fig"}, which we think is a nice addition to the paper, suggests an alternative, and simple approach: use the S-T group data as a way to estimate the decay effect. These data are not involved in the critical analyses and thus constitute an independent method to look at decay, one that will not be conflated with the effect of stimulation context. In a sense, this provides a straightforward way to subtract out a baseline effect of the decay and then observe your main point of interest, the residual context effect. Making [Figure 3](#fig3){ref-type="fig"} the key here, you end up subtracting 3d from 3b. In looking at things, it looks like the effect will be limited to the latter two probes. This would change your story to make the point that the effects of tDCS build up over time. We recommend that this analysis be the primary one in the manuscript, with panels A, C, and E providing the key raw data and the Panels B, D, and F the main point of comparison. You can still include the analysis from [Figure 2](#fig2){ref-type="fig"}, either moving this to a secondary analysis, or appended as an addition to a primary figure.

We were also confused why your model-free analysis was not performed in an analogous manner as you had done with the double exponential. You opted to turn to a bootstrap procedure here. While there is nothing wrong with the bootstrap approach, the lack of symmetry between the two approaches is confusing. It would seem more straightforward to employ a similar approach for the model-free and double exponential analysis and then presenting both analyses in the paper. Assuming the results converge on a common finding-namely that there is a residual context effect, the reader could then have confidence that the results were not specific to a given set of assumptions. As you now do things, we end up with a parametric analysis when considering a double exponential for decay and a non-parametric analysis when considering a single exponential.
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*\[...\] While there is a general concern with the complexity of this analysis, there is an additional statistical issue here. Between subgroup differences in the fits may seem quite different for the anodal-cathodal switching pattern, but the patterns are not statistically independent. Fitting double exponentials may distort the estimate of the true anodal/cathodal switching effect. This is especially concerning if the switching effects are small compared to the size of the double exponential fits (as is the case here).*

*The reviewers believe that a much simpler analysis should be possible. The authors could simply analyze the differences in forces that are shown in the middle row, left panel of [Figure 2](#fig2){ref-type="fig"}. The middle panel (2e, difference for the sham condition) should probably be subtracted from the left panel (2b, the difference for the stimulation condition), and then the mean of each block can be statistically compared.*

We appreciate the reviewers for raising this important point. Our technique is guided by the fact that simple decay of motor memories should follow an exponential function (single or double) and that any deviation from such exponential should be due to the modulation of the force pattern by the polarity of the simulation. Therefore, we believe that calculating the residual by fitting the data with 2 exponential curves did not cause artificial stimulation-dependent modulation of the force but allowed us to eliminate the decaying component and slowly changing force output trends. Indeed, as shown in the figure below, the presence of force output modulation was not affected, even when fitting the data with a single exponential curve (see figure below and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} in the paper). The use of a double exponential curve function reduced the magnitude of the residuals, because it contributes to eliminate the slow drift in force with the data. Nevertheless, independently of the use of a single or double exponential function, we observed significant polarity-dependent modulation of the residuals, indicating strong evidence for the presence of this effect. The analysis of the residuals appears to us simpler than the bootstrap analysis suggested by the reviewers. In addition, it allows us to test for the existence of polarity-dependent changes in force output for each subgroup separately. Therefore, we took extra care in explaining this analysis into details and in describing the expected polarity-dependent changes in the residuals (third paragraph of the Results section, and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}).

The reviewers are right in pointing that we need to make sure that the results that we obtained is not dependent on the model we use. According to the reviewers' suggestion, we performed a model-free analysis of the force patterns during the test period. It should be noted that, as ∆Force was calculated from data recorded on different experimental groups, a bootstrap method was necessary to use the ∆Force for statistical testing. Therefore, rather than simplifying the analysis, the model-free approach makes it more complicated. Specifically, we created bootstrap samples of ∆Force (subtracting the CACA data from ACAC data for the T-T, S-T, and T-S groups) to obtain a mean and standard deviation of the resampled data ([Figure 3A, B, and C](#fig3){ref-type="fig"} in the revised manuscript). We also created bootstrap samples for block-wise changes between 1^st^ and 2^nd^ blocks, 2^nd^ and 3^rd^ blocks, and 3^rd^ and 4^th^ blocks for the T-T, S-T, and T-S groups. Then, we tested the null hypothesis that there were no block-wise changes for the T-T, S-T or T-S groups ([Figure 3B, D, and F](#fig3){ref-type="fig"}). Additionally, we applied the same bootstrap method to test if block-wise modulation was greater for the T-T than for the S-T or T-S groups.

The results of bootstrap test was almost identical to the results on residual using ANOVA: The significant changes in ∆Force was observed from 1^st^ to 2^nd^ (p \< 0.05), from 2^nd^ to 3^rd^ (p \< 0.0001) and from 3^rd^ to 4^th^ block (p \< 0.0001) for the T-T group. However, these changes were not observed for S-T and T-S groups except for the changes from 1^st^ to 2^nd^ block for S-T group. Furthermore, the changes were significantly greater for the T-T group than those for S-T and T-S groups (except from 1^st^ to 2^nd^ block between T-T and S-T groups). We believe that this additional analysis helps strengthen the results obtained with the residuals.

In the revised text, we have added results from this new analysis, as well the analytical procedure to the Methods section.10.7554/eLife.15378.014Author response image 1.Curves fitted for individual data (cyan and magenta) and the averaged curves (blue and red) when two exponential curves (**a**) and a single exponential curve (**b**) were used.The residual values were different (**c**, **d**), but the presence of modulation was not influenced.**DOI:** [http://dx.doi.org/10.7554/eLife.15378.014](10.7554/eLife.15378.014)

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*Thank you for resubmitting your work entitled \"Tagging motor memories with transcranial direct current stimulation allows later artificially-controlled retrieval\" for further consideration at eLife. Your revised article has been favorably evaluated by Timothy Behrens (Senior Editor), a Reviewing Editor, Rich Ivry, and one reviewer.*

*We appreciate your response to the initial reviews. We continue to think that this paper can make a novel and intriguing contribution to the literature on context effects in sensorimotor learning. However, we believe another round of revision is required. I think we can all agree that the effects are small here- not surprisingly so given the subtlety of the manipulation. Given this, we think it important that the primary analysis entail the fewest possible assumptions, and that these assumptions be thoroughly vetted in the paper.*

*The challenge you face in the analysis here is that your context effects are intermingled with natural decay processes. The curve fitting is designed to factor out the decay, but to do so requires making various assumptions (single vs double exponential), as well as entails lots of parameters since this is done on an individual basis for multiple epochs.*

*Your new [Figure 3](#fig3){ref-type="fig"}, which we think is a nice addition to the paper, suggests an alternative, and simple approach: use the S-T group data as a way to estimate the decay effect. These data are not involved in the critical analyses and thus constitute an independent method to look at decay, one that will not be conflated with the effect of stimulation context. In a sense, this provides a straightforward way to subtract out a baseline effect of the decay and then observe your main point of interest, the residual context effect. Making [Figure 3](#fig3){ref-type="fig"} the key here, you end up subtracting 3D from 3B. In looking at things, it looks like the effect will be limited to the latter two probes. This would change your story to make the point that the effects of tDCS build up over time. We recommend that this analysis be the primary one in the manuscript, with panels A, C, and E providing the key raw data and the Panels B, D, and F the main point of comparison. You can still include the analysis from [Figure 2](#fig2){ref-type="fig"}, either moving this to a secondary analysis, or appended as an addition to a primary figure.*

*We were also confused why your model-free analysis was not performed in an analogous manner as you had done with the double exponential. You opted to turn to a bootstrap procedure here. While there is nothing wrong with the bootstrap approach, the lack of symmetry between the two approaches is confusing. It would seem more straightforward to employ a similar approach for the model-free and double exponential analysis and then presenting both analyses in the paper. Assuming the results converge on a common finding-namely that there is a residual context effect, the reader could then have confidence that the results were not specific to a given set of assumptions. As you now do things, we end up with a parametric analysis when considering a double exponential for decay and a non-parametric analysis when considering a single exponential.*

We greatly appreciate the detailed critiques of our paper. According to the reviewers' suggestions, we now present the model-free analysis as the primary results in this new version of the paper.

We also seriously considered the reviewers' suggestion to subtract the S-T data from the T-T data and perform an ANOVA on the residual data, as was done for the analysis of residuals. If the same participants had experienced both the T-T and S-T conditions, an ANOVA would have been appropriate. However, since T-T and S-T were different experimental groups in the present study, subtracted data could not be created for each participant. Thus, in order to perform the suggested ANOVA, the only possibility would be to subtract the averaged S-T data from each participant's data for the T-T group.

However, we concluded that this approach would be problematic. First, an ANOVA on the residuals obtained as subtraction of averaged data of S-T group from each data of T-T group would not consider any variability in the S-T group. Second, since decay patterns differed from participant to participant, it would be difficult to determine what the residuals obtained by this way actually represent. Third, using the S-T group decay pattern as a baseline for the T-T group was not appropriate because each group received a different training protocol, which could influence the decay pattern (e.g., time constant). We believe the subtraction of the ACAC subgroup data from the CACA subgroup data (i.e., ∆Force) was more appropriate to eliminate the effect of natural decay because they received the same training protocol. It should be noted that since the data were collected from different groups, a bootstrapping (or permutation) method was necessary for the statistical test on ∆Force.

Nevertheless, we completely agree with the reviewers' suggestion that contrasts between the T-T and S-T groups are quite important. These contrasts were already mentioned in the original manuscript; however, with this revision we tried to explicitly demonstrate them. Specifically, we have created a plot to demonstrate the difference in ∆Force between the T-T and S-T groups ([Figure 4A, B](#fig4){ref-type="fig"}). We also created a plot for the T-T and T-S groups ([Figure 4C, D](#fig4){ref-type="fig"}), and for the T-T and PPC groups ([Figure 5E, F](#fig5){ref-type="fig"}). These new plots clearly indicate the presence of different modulation patterns between the T-T and other control groups. In this revision, we used a permutation test to statistically assess the effect of block order and period (please see [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} for the definitions of block order and period; we have also revised the Statistics section to clearly explain the adopted method) on ∆Force and the changes from the 1^st^ to 2^nd^, from the 2^nd^ to 3^rd^, and from the 3^rd^ to 4^th^ block. Using a permutation test did not substantially change the results.

As for the absence of significant changes from the 1^st^ to 2^nd^ block for the T-T and S-T groups, we have now added a brief description (Results section, subsection "Active stimulation during the training and test periods is required for tagging and retrieval of motor memories").
